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t ounterion structures and motions have been implicated in x recent ideas about sequence effects on DNA structure axis curvature and ligand-induced bending (1-7). In each of these theories, the local interactions of ions with polyionic DNA complement the effects described by counterion condensation (CC) theory (8) and the Poisson Boltzmann (PB) equation (9, 10). Although the effect of ions and ionic strength on DNA structural and thermodynamics properties are implied from diverse experiments, obtaining a fully detailed molecular model of the ions interacting with DNA based on these results is usually not possible. Oligonucleotide crystal structures reveal only the few ions that are ordered and can be unequivocally assigned. The positions of ions around DNA are generally underdetermined in experiments based on biophysical methods. Recent studies requiring this information have turned to large-scale molecular dynamics (MD) simulations to obtain computational models (11) . However, in MD modeling, the complex aggregate of oligonucleotide, water, counterions, and coions is slow to fully stabilize, and ion motions are a rate-determining step in total convergence (12) . Current reviews of MD on DNA (12) (13) (14) indicate that all simulations to date are based on considerably shorter trajectories. Therefore, we initiated a project aimed at obtaining demonstrably converged results on ion structures and motions. A related question is the sensitivity of the fast internal motions of the DNA to ion convergence. Our analysis is based on an MD simulation on the prototype B-form duplex d(CGC-GAATTCGCG) in a dilute aqueous solution of water and Na+ counterions carried out on a supercomputer until the point of convergence could be reliably determined. The trajectories are used to study the sequence dependence of ion distributions, the DNA-Na+ radial distribution functions, and the sensitivity of groove widths to ion proximity. The simulations are used as a basis for a comparison of results from MD on DNA with corresponding indices from CC and PB theory.
Background
The stability of the double helical structure of DNA is well known to depend on the presence of counterions and water (15).
The counterions provide electroneutrality to the system and mitigate the electrostatic repulsion between anionic phosphates of the DNA via mean field effects (the ion atmosphere) and sequence-dependent contact or water-mediated structures. Solvent water molecules serve to insulate charges by means of dielectric screening and are thought to play a structural role in the stability of the double helix as well (16) . From this, it follows that a proper description of the ions around DNA is essential for accurate MD modeling of the dynamical structure of DNA. An extensive literature on the theoretical treatment of the counterion structure around DNA has developed based on CC theory (8) and PB-based continuum electrostatics (9, 10, 17). The CC model leads to a description of ion atmosphere of DNA in terms of site-and territorial-bound ions and the idea that "condensed" 
Methods
The starting point for the extended simulation was initially a canonical B-form structure of d(CGCGAATTCGCG)2. The system for simulation was comprised of DNA and 3,949 water molecules together with 22 Na+ cations in a cubic cell with periodic boundary conditions. Long range interactions were treated by using the particle mesh Ewald method (20) . The simulation was performed by using the AMBER 7.0 suite of programs (56) and the parm94 force field (19) . Intermolecular interactions involving sodium ions use the Aqvist parameters (57). MD trajectories for this system were obtained at a sampling rate of 0.3 ns per day on the eight-multiprocessor SGI Origin2000 machine at the National Center for Supercomputer Applications.
In the analysis of results, the conventional measures of stability and convergence based on root mean square deviations of the MD structures from the starting configuration and from canonical forms of DNA structures (58) were considered. The conformational and helicoidal parameters of the DNA structures were calculated by using CURVES (59). Time correlation functions and relaxation times for the DNA structural parameters were computed by using methodology as described at www.itl.nist.gov/div898/handbook. The AMBER utility program PTRAJ was used to calculate interatomic distance for the determination of minor groove widths.
Calculation of the ion occupancies with respect to DNA atoms was carried out by using the proximity method ( I  '  I  '  I  '  1  '  I  '  I  *  I  '  I  '  1  '  I  '  I  '  I  '  I  '  I   o   25  50  75  100  125  150  175  200  225  2S0  275  300  325  350 gence was achieved. A correlation coefficient between ion occupancies of the two palindromic strands of 0.94 was reached at 60 ns for the calculated ion occupancies of symmetrically equivalent sites on two strands of a palindromic DNA duplex. The time correlation functions and relaxation times for all of the internal structural variables of the DNA were calculated. The results show that the relaxation times of the internal structural parameters in MD on DNA are much shorter than those of ion motions. These internal structural parameters are well converged at 5 ns, and insensitive to ion convergence beyond this point. The maximum fractional occupancies of ions in the major and minor groove regions of the DNA were found to be 15% and 30%, respectively, and localized at or near the junctions of the AATT and CGCG tracts. The correlation between ion proximity and DNA major and minor groove widths was examined and found to be negligibly small when analyzed over 60 ns of MD. However, false positives can be obtained when analyzing segments of the total trajectory even as large as 10 ns. Analysis of the calculated DNA-ion distribution functions with respect to time indicates converges of this property within 5 ns. This property reflects mean field effects of the ion atmosphere, indicating that the additional sampling required for convergence of ion occupancies is aimed at the fine granularity of the distribution rather than mean field effects. The MD results suggest that counterion condensation in CC theory refers to the region in which the DNA-ion radial distribution shows evidence of structure. The DNA-ion radial distribution function exhibits marked shell structure indicating small ion correlations, an effect not captured by PB continuum electrostatics.
Note Added in Proof. While this article was being reviewed, a related article comparing the behavior of Na+ and K+ counterions around DNA was published (65).
